Eleven polymorphic microsatellite DNA markers were screened to investigate patterns and processes of genetic variation in Allegheny woodrats at 2 spatial scales, geographically distinct populations and subpopulations within populations. The microsatellite markers detected considerable genetic variation and diversity, with an average heterozygosity of 62.0% (range 25.7-75.0%) and an average of 10.4 alleles per locus (range 5-19). Subpopulations conformed to Hardy-Weinberg expectations in 98.9% of comparisons, and allele frequency differed among subpopulations in 99.3% of comparisons. All statistical tests indicated significant genetic subdivision at the population and subpopulation levels. Theoretical estimates of gene flow were low among subpopulations, suggesting that effective dispersal is limited among subpopulations separated by as little as 3 km. A significant range-wide relationship between geographic and genetic distance at both scales suggests isolation by distance as a mechanism for the observed differentiation. The relationship between genetic distance and geographic distance among the 19 subpopulations within the central Appalachians was significant but weak. Results suggest that Allegheny woodrats associated with clusters of geographically proximate rock outcrops may function as population units. We recommend that individual rock outcrops or groups of geographically proximate outcrops be considered as population units for management.
The Allegheny woodrat (Neotoma magister) occurs in the Appalachian and Interior Highland regions of the eastern United States, where it is associated closely with rocky habitats (Poole 1940) . Populations in the northern and western peripheries of the range have experienced precipitous declines in recent years (Balcom and Yahner 1996) . Although not federally listed, this species is * Correspondent: scastle@smokey.forestry.uga.edu considered endangered, threatened, or a species of concern in every state of occurrence. Recent efforts have been undertaken in some states to better understand critical habitat requirements and to examine causes of population declines (Balcom and Yahner 1996; Castleberry et al. 2001 Castleberry et al. , 2002 .
Throughout the range, Allegheny woodrats occupy discrete rocky habitats dispersed across primarily forested landscapes. A high degree of habitat specificity and the distribution of rocky habitats across the landscape results in a distributional pattern of small isolated clusters of individuals. The relationships of woodrats within and among these population clusters are poorly understood. Knowledge of associated migration, colonization, and extinction processes among these isolated clusters will be critical for development of a conservation strategy that will conserve ecological and evolutionary processes and contribute to the long-term persistence of the species. Hayes and Harrison (1992) suggested that current range-wide patterns of genetic variation in Allegheny woodrats were the result of a recent (Holocene) range expansion into the central Appalachians. The southern Appalachians apparently provided refuge during the Wisconsin glaciation, resulting in a population bottleneck and reduced genetic variation (Guilday et al. 1964; Hayes 1990 ). This population bottleneck was followed by a northward range expansion as woodrats followed vegetation changes behind retreating glaciers. Therefore, the low levels of genetic differentiation currently observed in maternally inherited mitochondrial DNA likely were a result of a limited number of population founders and the relatively short elapsed time (10,000-15,000 years) since the expansion event (Hayes 1990 ).
Molecular genetics is a robust tool in conservation biology for identifying reproductive isolation among populations, permitting the delineation of management units, and allowing assessment of conservation priorities from an evolutionary perspective. Because of low genetic divergence among Allegheny woodrat populations, highly variable molecular markers capable of fine-scale genetic differentiation are required to examine population structure. The recent development of tandemly repeated DNA simple sequence motif markers, or microsatellites (Queller and Strassmann 1993; Tautz 1989) , provides an ideal tool to investigate the degree of relatedness among populations exhibiting small effective population sizes because of the hyperpolymorphism observed.
Diversity in recently developed microsatellite markers (Castleberry et al. 2000) was used to examine population genetic structure and gene flow in Allegheny woodrats at 2 spatial scales: geographically distinct populations throughout the distribution and local subpopulations within the central Appalachians. Our objectives were to identify the amount and patterns of genetic variability and determine the level at which population clusters function as distinct population units.
MATERIALS AND METHODS
Study sites.-Woodrat tissue samples (n ϭ 357) were collected from 85 collection sites (rock outcrops) representing 9 populations (Fig.  1a) . Three populations were located in the Allegheny Mountains and Plateau physiographic province in West Virginia: Cooper's Rock State Forest and Snake Hill Wildlife Management Area in Monongalia and Preston counties (n ϭ 88); the MeadWestvaco Corporation's Wildlife and Ecosystem Research Forest and surrounding MeadWestvaco properties in Randolph County (n ϭ 82); and New River Gorge National River and surrounding areas in Fayette and Nicholas counties (n ϭ 64). The 4th population was composed of multiple collection sites distributed over a wide geographic area in the Ridge and Valley physiographic province of Virginia and West Virginia (n ϭ 38). Primary collection sites in the Ridge and Valley were located on Greenbrier State Forest and surrounding areas in Greenbrier County, West Virginia, and portions of the George Washington National Forest in Allegheny, Bath, and Giles counties, Virginia.
Five additional populations were sampled in New Jersey, Kentucky, and North Carolina (Fig.  1a) . Woodrats from New Jersey were sampled along the Hudson River Palisades in Bergen County (n ϭ 23). Two of the Kentucky populations (Kentucky 1 and Kentucky 2) were located on the Daniel Boone National Forest in the Cumberland Plateau physiographic province (n ϭ 16 and n ϭ 19, respectively). The 3rd Kentucky population (Kentucky 3) was at Mammoth Cave National Park in the Interior Low Plateau physiographic province (n ϭ 11). Woodrats from the North Carolina population were from Avery, Eleven microsatellite loci developed for N. magister (Castleberry et al. 2000) were screened in all individuals. Microsatellite DNA amplification reactions consisted of 100-200 ng DNA, 1ϫ buffer (10 mM Tris-HCl, pH 8.3, 50 mM KCl), 1.5 mM MgCl 2 , 0.20 mM deoxynucleoside triphosphate, 0.5 M of forward and reverse primers, and 1.0 U AmpliTaq DNA polymerase (Applied Biosystems, Foster City, California) in a total volume of 10-15 l. The forward primer was 5Ј modified with TET, FAM, or HEX fluorescent labels (Applied Biosystems). Amplification conditions were as follows: initial denaturing at 94ЊC for 2 min; 35 cycles of 94ЊC denaturing for 30 s, 56ЊC annealing for 30 s, 72ЊC extension for 1 min; and a final extension at 72ЊC for 10 min using an MJ DNA Engine PTC 200 (MJ Research, Watertown, Massachusetts).
One microliter of amplified product was diluted (1:4, 1:6, or 1:9 depending on the locus) with deionized water and thoroughly mixed. One microliter of this dilution was added to 12 l of deionized formamide and 0.5 l of the internal size standard GENESCAN-500 (Applied Biosystems). The mixture was heat-denatured at 95ЊC for 3 min, placed immediately on ice for at least 5 min, and then subjected to capillary electrophoresis on an ABI PRISM 310 Genetic Analyzer. Fragment size data were obtained using ABI Genescan and scored, binned, and assigned to genotypes using Genotyper 2.1 Fragment Analysis software (Applied Biosystems).
Statistical analyses.-Collection sites within the central Appalachians (Cooper's Rock State Forest, MeadWestvaco Ecosystem Research Forest, New River Gorge, Ridge and Valley) were pooled into putatively reproducing subpopulations based on geographic proximity (Fig. 1b) . Subpopulations consisted of aggregations of occupied rock outcrops or, when sample size per-mitted, individual outcrops. Populations from New Jersey, Kentucky, and North Carolina were included as subpopulations in most analyses. But additional within-region analyses were conducted on the 19 central Appalachian subpopulations.
Several techniques were used to describe genetic relationships among populations and subpopulations. Observed genotypic frequencies were tested for conformation to Hardy-Weinberg expectations and linkage disequilibrium using GENEPOP (Raymond and Rousset 1995) . The Hardy-Weinberg test used the Markov chain randomization test (Guo and Thompson 1992) to estimate exact 2-tailed P-values for each locus in each sample. Linkage equilibrium tests used the randomization method of Raymond and Rousset (1995) for all locus pairs. GENEPOP also was used to perform pairwise tests of allele frequency and homogeneity, and to estimate F ST using the methods of Weir and Cockerham (1984) . Exact probability values from tests for Hardy-Weinberg expectations, heterogeneity of allele frequencies, and linkage disequilibrium were adjusted for multiple simultaneous tests using sequential Bonferroni adjustments to an overall alpha level of 0.05 (Rice 1989) . Quantitative estimates of gene flow, represented as the number of effective migrants per generation (N e m), were calculated with Wright's Fixation Index (Wright 1943) , where F ST ϭ 1/ (4N e m ϩ 1).
A test of the isolation-by-distance model of differentiation was examined by regressing genetic distance with geographic distance. Differences between each population and subpopulation pair were summarized by pairwise genetic distance using the chord distance of CavalliSforza and Edwards (1967) . Geographic distance was measured as the straight-line distance between the estimated center of each population and subpopulation. The statistical significance of the correlation between genetic and geographic distance matrices for populations and subpopulations was assessed with a Mantel randomization test performed by the MXCOMP routine in NTSYS-PC 1.8 (Rohlf 1993) . Within-region Mantel tests also were conducted for the 4 populations and the 19 subpopulations in the central Appalachians (West Virginia and Virginia).
Assignment tests, using multilocus likelihood functions (Paetkau et al. 1995) , were used to determine the likelihood of each individual's genotype being found in the collection from which it was sampled (without replacement), using the program GeneClass (Cornuet et al. 1999) . Classifications were made based on the highest likelihood probability or lowest likelihood distance (i.e., the lowest distance between the individual and a population).
Analysis of molecular variance (AMOVA) module of Arlequin 2.1 (in litt.) was used to partition genetic variation in a hierarchy of groups (Excoffier et al. 1992; Michalakis and Excoffier 1996) . For the 1st analysis, populations were pooled into 4 geographic regions within the distribution, allowing partitioning of variation into regions, among populations, and within populations. The 4 regional groupings were Virginia and West Virginia combined (the core of the range), New Jersey (the northernmost extent of the range), North Carolina (the southeasternmost extent), and Kentucky (the westernmost extent). A 2nd analysis examined variation within and among the 9 populations, allowing partitioning of variation among populations, among subpopulations, and within subpopulations.
RESULTS
Multilocus genotypes from 11 microsatellite DNA loci for 357 Allegheny woodrats were identified. One hundred fourteen alleles were observed over all loci. Number of alleles per locus ranged from 5 to 19, with an average of 10.4. Ten loci contained Ն7 alleles, with 6 possessing Ͼ10 alleles. For all loci, average number of alleles ranged from 2.0 (New Jersey) to 7.4 (Ridge and Valley), with an average of 5.4 among populations. Average expected heterozygosity over all populations was 61.8% and ranged from 28.7% (New Jersey) to 75.0% (Kentucky 3). Genetic variation was sufficient to identify unique multilocus genotypes for all but 2 individuals, which occurred at the same outcrop. Because of the small probability of 2 individuals exhibiting identical genotypes at all 11 loci, this finding is likely the result of 2 tissue collections from the same individual. Allele frequencies and observed heterozygosity by locus for each population and subpopulation are available online at http://etd.wvu.edu/ between all pairs of subpopulations showed significant heterogeneity (P Ͻ 0.0002). Only the subpopulation pairs Gauley River 2-Ridge and Valley 1 and New River Gorge 2-New River Gorge 3 demonstrated similar allele frequencies.
Values for F ST indicated considerable genetic subdivision among populations and subpopulations. The mean F ST value for the 9 population pairs, over all loci, was 0.17 and ranged from 0.05 to 0.46 (Table 1) . Among the 19 within-region subpopulations (excluding New Jersey, North Carolina, and Kentucky collection sites), the mean F ST value was 0.14, with a range from 0.01 to 0.31 (Table 1) . For subpopulations, 261 of 276 (94.6%) pairwise comparisons were significantly different from 0 ( Table  1 ). All of the pairwise comparisons between populations differed significantly from 0. Theoretical gene-flow estimates were relatively low for most population pairs, averaging 1.84 effective migrants per generation with a range from 0.3 to 6.1 (Table 1). Estimates among the 19 within-region subpopulation pairs averaged 6.49 effective migrants per generation and were more variable than population values, ranging from 0.3 to 156.0 (Table 1) .
As expected, the greatest genetic distances among populations were observed between those on the periphery of the sampling area (New Jersey, North Carolina, and Kentucky 3), and genetic distance generally increased with geographic distance (Table  2 ). The Mantel test between pairwise genetic distance and geographic distance matrices revealed relatively strong correlations for the 9 populations (r ϭ 0.72, t ϭ 2.55, P Ͻ 0.001; Fig. 2a ) and the 24 subpopulations (r ϭ 0.61, t ϭ 3.75, P Ͻ 0.001; Fig.  2b) . The relationship between genetic distance and geographic distance among the 19 within-region subpopulations (excluding New Jersey, Kentucky, and North Carolina) was statistically significant but revealed a weaker relationship (r ϭ 0.373, t ϭ 3.91, P Ͻ 0.001). There was no statistically significant relationship for the 4 within-region central Appalachian populations.
Quantitative estimates of hierarchical gene diversity indicated significant genetic population structure at every level for both scales of comparison, with the greatest amount due to variation within collections (Table 3) . Results of the regional analysis revealed that 8.2% of the variation occurred among regions, 13.7% was due to differentiation among populations within regions, and 78.1% was due to variation within populations. In the population analysis, 9.4% of the differentiation was observed among the populations, 9.6% among subpopulations within populations, and 81.1% of the variation was observed within subpopulations.
Individual assignment to regional populations and subpopulations revealed strong evidence of subdivision at both levels. At the population and subpopulation levels, 100% and 92% of assignments, respectively, were higher than what was expected by chance alone. Mean correct classification rate for populations was 93%, ranging from 76% to 100%, and 74%, ranging from 18% to 100% for subpopulations (Table 4) . Edwards et al. 2001; Hayes and Harrison 1992; Planz et al. 1996) . Our study represents the 1st attempt to describe patterns of neutral genetic variation within and among Allegheny woodrat populations. Furthermore, our study is the 1st to examine genetic variation in Neotoma using species-specific microsatellite DNA markers.
The microsatellite loci screened in our study appear robust for surveys of neutral genetic variation among Allegheny woodrat populations. The markers exhibited moderate variability comparable to the microsatellite variability reported for populations of other rodents, such as white-footed mice (Peromyscus leucopus-Schmidt 1999; 11-29 alleles per locus, average heterozygosity ϭ 58%) and northern flying squirrels (Glaucomys sabrinus- Zittlau et al. 2000 ; 5-9 alleles per locus, average heterozygosity ϭ 66%). Alleles appeared to be inherited according to Mendelian expectations, and genotypes met Hardy-Weinberg equilibrium expectations in Ͼ98% of comparisons. These markers also have shown promise for use in studies of genetic variation in other Neotoma species (Castleberry et al. 2000) .
Our analysis of microsatellite DNA variation indicated significant genetic differentiation at both spatial scales examined. Although we expected differentiation among populations given the geographic distances, gene-flow estimates between subpopulation pairs indicated limited effective (2000) demonstrated low levels of mitochondrial DNA sequence divergence between N. magister specimens from North Carolina and West Virginia. The paucity of unique alleles observed among the 19 within-region subpopulations likely is the result of the relatively recent colonization of the current range, with inadequate time having elapsed for genetic differentiation, or alternatively, ongoing gene flow among these subpopulations.
A limited amount of linkage disequilibrium was observed in this study. Linkage disequilibrium arises from any process that restricts recombination among loci, such as physical linkage of genes on a chromosome or factors that generate nonrandom associations among alleles of unlinked loci. If any loci were linked physically, their genotypes would be expected to associate nonrandomly across all populations. We did not ob- serve linkage disequilibrium across all populations, indicating no physical linkage between any of the 11 loci used in this study. Thus, the linkage disequilibrium we observed could indicate distinct populations or generations within our samples (naturally occurring or artificial due to our pooling of discrete populations), recent colonization by a portion of the population with a nonrandom subset of genotypes (i.e., founder effect-Hartl 1988), habitat-specific selection acting on loci linked to the markers used in this study, or sampling error in our collections.
Results of assignment tests illustrated genetic differentiation at the population and subpopulation levels. Assignment tests yield a different perspective from usual methods because they are based on genotype instead of allele frequency (Paetkau et al. 1995) . Using 11 microsatellite loci, correct assignment to regional populations exceeded 91%. Although assignment success was lower for subpopulations (78%), the number of correct classifications was higher than that expected by chance in the absence of subdivision for most comparisons. For misclassifications at the subpopulation level, woodrats typically were assigned to other subpopulations within their respective population. A notable exception was Ridge and Valley 1, within which 75% of the individuals were assigned to the wrong population. Our inability to assign woodrats correctly at Ridge and Valley 1 probably is a consequence of low sample sizes. Nonetheless, overall correct assignment rates support results of F ST and allelic heterogeneity tests and provide additional evidence of subpopulation differentiation.
Significant relationships between geographic and genetic distance at both spatial scales suggests isolation by distance (Wright 1943 ) as a mechanism for genetic differentiation. But the weaker relationship among the within-region subpopulations suggests that the isolation-by-distance effect is more pronounced at a larger scale. Although subpopulations within 2 populations were dissected by major rivers (New River at New River Gorge and Cheat River at Cooper's Rock State Forest; Fig. 1b) , we saw little evidence of geographic isolation. Among subpopulations separated by similar geographic distances, estimates of genetic distance were similar between those on the same side of the river when compared with those across rivers. The relatively short elapsed time since expansion into the current range may explain observed genetic similarities across these rivers. Gene flow may be infrequent enough to allow genetic differentiation, but sufficient time has not elapsed for evolutionarily significant differences to develop. Thus, the similarities between these seemingly isolated subpopulations may be historical rather than indicative of high rates of gene flow (Perault et al. 1997) .
Allelic heterogeneity tests, F ST estimates, assignment success, and pattern of genetic variation (isolation by distance) observed suggest significant heterogeneity among populations and subpopulations of Allegheny woodrats. Subpopulation conformance to Hardy-Weinberg expectations suggest relatively frequent gene flow among individuals inhabiting rock outcrops within subpopulations. But a limited amount of linkage disequilibrium and nonconformance to Hardy-Weinberg expectations observed suggests that in some situations, the functional unit of this species may be on a scale smaller than the one created by combining individual rock outcrops into subpopulations. Nonetheless, the retention of forested dispersal corridors between proximate rock outcrops is critical to maintain current patterns of gene flow and genetic structure within subpopulations.
Our results indicate reduced genetic diversity in the New Jersey population. Average heterozygosity and mean number of alleles per locus observed in this population were considerably lower than the average across all populations. The New Jersey population is the last remnant of a once larger population that has been drastically reduced in the last 20 years. Thus, it is possible that this population underwent a recent bottleneck as the population size was reduced. But other possible mechanisms, such as a founder effect event or genetic drift due to a small effective population size, may be responsible for the low genetic diversity observed. Further study is needed to determine the mechanism responsible for reduction in genetic diversity. Regardless of the mechanism, management intervention may be required in this population to prevent further loss of genetic diversity and to ensure long-term population viability. Management strategies should emphasize restoring gene flow, either natural gene flow with other populations or artificially through reintroductions.
